In this letter, we propose an antenna selection single frequency network precoding (AS-SFNP) scheme for downlink cooperative multiple-input multiple-output (MIMO) systems, which efficiently improves system capacity with low feedback overhead and low complexity.
UEs, simulation results demonstrate the AS-SFNP scheme with a lower load of feedback overhead can still achieve capacity gain compared with the WLP scheme.
Notations: (·) T , (·) H , det(·), tr(·) and {·} L stand for the transpose, conjugate transpose, determinant, trace and L right singular vectors with respect to the L largest singular values of a matrix, respectively. ε{·} is the expectation operator. χ 2 (n, σ 2 ) represents the probability density function (PDF) of a chi-square-distributed random variable (RV) with n degrees of freedom, and the variance of each degree is σ 2 . |a| and a(i) denote the Euclidean norm and the i-th element of a vector a, respectively. I N stands for an N × N identity matrix.
Precoding Schemes and SINR Analysis
We consider a uniform downlink cooperative MIMO scenario, where there are B cooperative BSs and each BS has N T transmit antennas. The data for the target UE equipped with N R antennas is transmitted simultaneously from all B BSs. The channel between BS b ∈ {1, 2, . . . , B} and the UE is denoted as H b ∈ C N R ×N T . The UE can report its precoding matrix information either to each individual cooperative BS or to one primary BS. In the latter case, the primary BS can exchange this information amongst cooperating BSs through the backhaul links. Let W b ∈ C N T ×L be the local precoding matrix at BS b, where L is the number of data streams. The received signal at UE can be described as
where x ∈ C L×1 is the transmission data with covariance matrix I L and n is an additive zero-mean circularly symmetric complex Gaussian (ZMCSCG) noise vector with ε nn H = N 0 I N R . To simplify the analysis, we treat the interference from outside of the B BSs as white Gaussian signals, which has been incorporated into n. We denote per-BS powernoise ratio by γ = P/N 0 , where P is the maximum transmission power at each BS.
The GP Scheme
The GP scheme can be viewed as a generalization of 
where W is subjected to a global power constraint tr W H W ≤ BP. The capacity-maximization precoding strategy [6] is to choose W as W GP = {H} H L G, where G is a diagonal water-filling power loading matrix.
For single-antenna UEs, W GP degenerates to the matched filter (MF) vector shown bȳ
where ϕ is an irrelevant random phase misalignment resulted from phase difference between the transmitter and receiver. The SINR of the GP scheme is given by
The PDF of r GP is χ 2 (2BN T , Bγ/2) [7] , and hence its average SINR can be easily obtained as
However, the GP scheme requires a large codebook to quantize H and increases the overhead to feedback the codeword index. Moreover, the dimension of the precoding codeword varies with B, making the codebook design even more complicated.
The WLP Scheme
In order to overcome the limitations of GP, some simpler precoding methods such as the WLP scheme has been proposed in [4] . The basic idea of WLP is to perform separate precoding for the individual local channel from each cooperating BS to the UE followed by multiplying each precoding matrix with a phase pre-rotation factor to combine the locally precoded signals in a quasi-coherent way. The received signal resulted from the WLP scheme is
where W b is the local precoding matrix subjected to a local power constraint tr W H b W b ≤ P and θ b denotes the per-BS phase pre-rotation. To maximize the capacity of local channels, we have
where G b is the local power allocation matrix obtained through water-filling process. The general closed-form expression of θ b for multiantenna UEs does not exist. To get some insights on the performance of the WLP scheme, we derive its average SINR for single-antenna UEs in the following theorem.
Theorem 1:
The average SINR of the WLP scheme when N R = 1 can be expressed as
where Γ(·) denotes the gamma function [7] defined as
n is the number of bits for feedback of the pre-rotating phase, which equally divide a unit circle into 2 n segmentations.
Proof : Similar to the analysis of the GP scheme, when N R = 1, W b becomes the MF vector written as
where ϕ b is a local phase misalignment which conforms to a uniform distribution over [−π/2, π/2). Perfect coherent signal combining in (6) requires ideal phase counter-rotations, i.e., θ b = −ϕ b . However, in practice this cannot be achieved due to limited-bit feedback of θ b . Suppose Υ is an n-bit phase codebook containing 2 n elements which equally divide a unit circle, which is
The quantized version of θ b is chosen as the ω i with the minimum distance to −ϕ b , which is formulated as
Thus, the SINR of the WLP scheme is represented as
where
n , π/2 n ). Therefore, the average SINR of the WLP scheme can be calculated as
where equation (a) holds because H b 's are i.i.d. vectors. Since PDF of |H b | 2 is χ 2 (2N T , 1/2), from [7] we can get
and
Also according to [4] , we have
Substituting (13), (14) and (15) into (12), we can readily obtain (7), which concludes the proof. The UE should feed backθ q b and W b on a per-BS basis. Note that when n decreases to zero, the WLP scheme degenerates to the local precoding (LP) scheme, where per-BS precoder only matches each local channel without considering the inter-BS phase rotations. Thereby, the first term of (7) in Theorem 1 gives the average SINR of the LP scheme when N R = 1.
The Proposed AS-SFNP Scheme
In the traditional single frequency network precoding (SFNP) scheme, an identical precoder W SFN ∈ C N T ×L is employed for all cooperating BSs [5] . The received signal given by the SFNP scheme can be described as
where W SFN is subjected to a local power constraint tr W H SFN W SFN ≤ P. We propose to dynamically select the transmit antennas for the SFNP transmission. The antenna selection matrix for the b-th BS is represented by a nonnegative diagonal matrix A b , which is multiplied to the left side of W SFN . The i-th diagonal element a b (i) ∈ {0, 1} of A b indicates the AS result for the i-th antenna, with one for activated and zero otherwise. Therefore, the received signal of the proposed AS-SFNP scheme is
where q b is an antenna power compensation scalar to meet the local power constraint. q b can be represented as G to maximize the capacity, where G is a diagonal water-filling power loading matrix. The optimal AS result is obtained at UE side by performing an exhaustive search to maximize the capacity as
where C AS-SFNP can be expressed according to [6] as
Besides one precoding matrix W SFN , the UE should also feeds back A * b for each cooperating BS. Since the closedform expression of A * b does not exist, we derive a lower bound of its average SINR for single-antenna UEs in the following theorem.
Theorem 2:
The average SINR of the AS-SFNP scheme when N R = 1 can be lower bounded by
Proof : Consider a suboptimal case where the i-th transmit antenna of the SFN equivalent channel is chosen based on the norm-maximization criterion from the antenna set consisting of all the i-th antennas of the candidate BSs. We denote the BS associated with the selected antenna as b i . In order to derive an analytical lower bound, we suppose all the other antennas of BS b i are eliminated from further selection process. Therefore, the selection process for the first B − 1 antennas, i.e., i ∈ {1, 2, . . . , B − 1} is described as
Without loss of generality, we assume N T ≥ B. 
and hence the SINR of the AS-SFNP scheme is shown by
From [8] , the PDF of
and hence its mean value can be derived as
Moreover, we have
Therefore, combining (24), (26) and (27) yields (21), which concludes the proof. The AS-SFNP scheme requires a few bits to feedback the AS results. For instance, when B = 3, N T = 4, the number of possible AS combinations are (2 4 ) 3 = 4096 (12 bits of overhead). Obviously, the exhaustive search shown by (19) can be very complicated and the overhead becomes large. However, it is generally not necessary to search over all combinations of AS from the cooperating BSs, e.g., some combinations require shutting down a whole BS, which should be pre-eliminated because of the inefficient usage of the transmit power. Note the restricted search space method could be exploited not only to reduce the AS complexity and feedback overhead but also to relax the power imbalance problem across the transmit antennas due to antenna muting or power-boosting in the AS process.
Simulation Results and Discussions
In our simulations, we assume B = 3, N T = 4, N R = 1 or 4. All channels are assumed to experience uncorrelated Rayleigh fading and the entries of H b are modeled as i.i.d. ZMCSCG RVs with unit covariance. The average SINR and capacity results are obtained from 10000 independent random channel realizations.
In Fig. 1 , we show the average SINR results for the GP, LP, WLP and AS-SFNP schemes when N R = 1. As seen from Fig. 1 , the simulation results perfectly agree with the analytical results, and the GP scheme achieves the best performance among all the interested schemes. A notable finding is that the gap between the AS-SFNP scheme and the GP scheme is only about 0.5 dB. The WLP scheme also exhibits near-optimal performance when n = 3.
In Fig. 2 , we present the ergodic capacity results for the interested schemes when N R = 4. For the WLP scheme, n is set to 3. As seen from Fig. 2 , in high SNR regimes, the capacity of the WLP scheme is about 3 bps/Hz higher than that of the LP scheme, while the proposed AS-SFNP scheme with full complexity further offers 3 bps/Hz gain over the WLP scheme. Moreover, in order to decrease the complexity of the AS-SFNP scheme, we add a practical constraint that at least 3 antennas should be activated from each BS, so the number of possible combinations is reduced to (5) 3 = 125, which can be represented by 7 bits. Compared with the WLP scheme, the performance of the AS-SFNP scheme still has a gain of 2 bps/Hz and 1 bps/Hz for with and without antenna power compensation, respectively. Here, q b is derived from (18) when antenna power compensation is operated; otherwise q b = 1. The feedback bits for the AS and that for the pre-rotating phase in the WLP scheme are nearly the same. Hence, the AS-SFNP scheme can reduce the total overhead by two precoding matrices compared with the WLP scheme.
It can be concluded from the simulation results shown in Fig. 2 that the AS-SFN scheme is more efficient by constructing an effective composite channel with a maximized capacity before precoding than the WLP scheme that combats the inter-layer interference using only one phase prerotation for each BS.
Conclusion
The performance of the proposed AS-SFNP scheme and other interesting precoding schemes is investigated. Simulation results show the AS-SFNP scheme with lowcomplexity realizations and low feedback overhead can improve system capacity compared with the WLP scheme.
